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ABSTRACT 

This  article  is  the  first  in  a  two-part  series  describing  charge 
transfer  devices  (CTDs)--  a  relatively  new  class  of  multichannel  detectors 
for  the  ultraviolet  to  near-infrared  spectral  regions.  An  overview  of  the 
operation  and  the  characteristics  of  CTDs  relevant  to  analytical 
spectroscopy  is  presented.  The  sensitivity  and  dynamic  range  obtainable 
from  CTD  detectors  are  discussed  and  compared  to  the  sensitivity  and  dynamic 
range  obtainable  from  other  spectroscopic  detectors.  Unique  capabilities 
such  as  the  ability  to  nondestructive^  readout  the  detector  array  and  the 
ability  to  alter  the  effective  detector  element  size  using  the  process  of 
binning  are  described.  Detector  array  formats  ranging  from  single  elements 
to  extremely  large  arrays,  large  photoactive  areas,  high  quantum 
efficiencies,  dark  count  rates  allowing  long  integration  times  and  low  read 
noises  all  contribute  to  the  outstanding  performance  and  great  flexibility  aJ 
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Numerous  modem  analytical  techniques  are  based  on  detection  and  quan¬ 
titation  of  light  in  the  ultraviolet  to  near  infrared  regions  of  the  spectrum. 
Sensitive  atomic  and  molecular  spectroscopies  including  luminescence,  absorp¬ 
tion,  emission  and  Raman  require  detectors  with  high  responsivity ,  low  read 
noise,  large  dynamic  range,  low  dark  count  rate,  and  a  linear  or  well-behaved 
response .  Revolutionary  developments  in  multichannel  detectors  have  greatly 
expanded  and  improved  the  capabilities  of  current  spectrochemical  techniques. 

There  is  great  interest  in  replacing  single  channel  photomultiplier  tubes 
with  multichannel  devices  (1,2).  Multichannel  detectors  such  as  vidicons, 
intensified  target  vidicons,  image  dissectors,  and  photodiode  arrays  (PDAs)  do 
not  offer  the  sensitivity,  dynamic  range  and  noise  performance  necessary  to  be 
competitive  with  the  PMT  in  many  situations.  Successful  application  of  these 
multichannel  detectors  is  limited  to  experimental  conditions  where  the  multi¬ 
channel  advantage  outweighs  the  noise,  crosstalk  and  dynamic  range  dis¬ 
advantages  . 

New  multichannel  alternatives  to  PMT  detection  are  finally  capable  of 
superior  sensitivity  and  dynamic  range,  when  compared  on  a  detector  element  by 
detector  element  basis.  In  fact,  some  of  these  devices  exceed  the  sensitivity 
and  dynamic  range  of  all  other  available  detectors.  The  performance  of  charge 
transfer  devices  (CTDs)  has  advanced  to  the  point  where  the  application  of 
this  technology  to  the  field  of  analytical  chemistry  is  appropriate.  In  the 
first  part  of  this  two-part  series,  the  theory,  design,  operation  and  perfor¬ 
mance  of  CTD  detectors  are  described.  The  second  article  focuses  on  a  range 
of  analytical  applications. 


CTDs  are  solid-state  multichannel  detectors.  These  detectors  integrate 
signal  information  as  light  strikes  them,  much  like  photographic  film.  An 
individual  detector  in  a  CTD  array  consists  of  several  conductive  electrodes 
overlying  an  insulating  layer  forming  a  series  of  metal-oxide-semiconductor 
(MOS)  capacitors.  The  insulator  separates  the  electrodes  from  a  doped  silicon 
region  used  for  photogenerated  charge  storage.  The  actual  geometry  of  the 
electrodes  and  insulators  varies  depending  on  the  device  and  manufacturer.  The 
basic  operation  of  a  CTD  detector  element  can  be  illustrated  by  considering 
the  simple  example  shown  in  Figure  1  depicting  the  cross  section  of  a  single 
detector  element  made  from  n-doped  silicon.  In  this  n-doped  silicon,  the 
majority  current  carrier  is  the  electron,  and  the  minority  carrier  is  the 
hole.  When  the  electrodes  are  negatively  charged  with  respect  to  the  silicon, 
a  charge  inversion  region  is  created  under  the  electrodes.  This  charge  inver¬ 
sion  region  is  an  energetically  favorable  location  for  mobile  holes  to  reside. 
The  promotion  of  an  electron  into  the  semiconductor  conduction  band,  such  as 
by  the  absorption  of  a  photon,  creates  a  mobile  hole  that  migrates  to  and  is 
collected  in  the  inversion  region.  In  Figure  1,  one  electrode  is  held  at  a 
more  negative  potential  than  the  other,  making  the  accumulation  of  positive 
charge  more  favorable  under  this  electrode. 

The  amount  of  charge  generated  in  a  CTD  detector  is  measured  either  by 
moving  the  charge  from  the  detector  element  where  it  is  collected  to  a  charge 
sensing  amplifier  or  by  moving  it  within  the  detector  element  and  measuring 
the  voltage  change  induced  by  this  movement.  These  two  modes  of  charge  sens¬ 
ing  are  employed  by  the  charge-coupled  device  (CCD)  and  the  charge  injection 
device  (CID) ,  respectively.  While  CTDs  made  of  n-doped  silicon  (commonly 
employed  in  CIDs)  collect  photogenerated  holes,  and  CTDs  made  from  p-doped 


silicon  (commonly  employed  in  CCDs)  collect  photogenerated  electrons,  by 
convention  the  photogenerated  charge  is  always  referred  to  in  units  of  elec¬ 
trons.  Complete  descriptions  of  the  ope' ation  of  particular  sensors  appear  in 
the  optical  engineering  literature  and  are  now  beginning  to  appear  in  the 
chemical  literature  (see  for  example  refs.  1-7). 

In  the  CCD,  the  charge  from  each  detector  element  is  shifted  in  sequence 
to  an  amplifier  located  at  the  end  of  a  linear  or  corner  of  a  two  dimensional 
array  of  detector  elements.  Charge  is  transferred  to  the  on-chip  amplifier  by 
sequentially  passing  the  charge  packets  from  one  detector  element  to  the  next 
adjacent  detector  element.  A  series  of  electrodes  in  each  detector  element 
are  used  to  perform  this  transfer.  The  number  of  independent  electrodes  used 
to  affect  this  transfer  range  from  one  to  four,  giving  rise  to  CCDs  approp¬ 
riately  called  uniphase  to  four-phase  devices  (6,7).  The  potentials  of  the 
electrodes  in  a  detector  element  provide  a  barrier  that  separates  adjacent 
charge  packets.  Shifting  the  location  of  this  barrier  in  a  controlled  manner 
causes  charge  to  migrate  in  the  desired  direction.  CCDs  differ  from  other 
detectors  by  their  ability  to  transfer  the  photogenerated  signal  from  the 
photoactive  element  to  an  on-chip  amplifier.  This  amplifier  allows  the  CCD  to 
obtain  a  very  high  signal-to-noise  output.  While  digitization  of  the  data  in 
all  CCD  detector  elements  is  not  necessary,  the  architecture  of  the  CCD  re¬ 
quires  shifting  through  the  entire  detector  before  proceeding  to  the  next 
exposure;  thus  suoarrays  may  not  be  randomly  read  in  CCD  detectors. 

The  organization  of  a  two  dimensional  3-phase  CCD  array  is  illustrated  in 
Figure  2.  Columns  are  clocked  in  parallel.  With  each  clock,  all  of  the 


charge  in  the  imaging  array  is  shifted  toward  the  serial  register  by  one  row, 
while  charge  from  the  row  adjacent  to  the  serial  register  is  transferred  into 


the  serial  register.  Once  the  charge  is  shifted  into  the  serial  register,  the 
charge  packets  are  shifted  sequentially  to  the  on-chip  amplifier.  The  il¬ 
lumination  of  the  CCD  must  be  minimized  during  the  charge  transfer  readout 
process  to  prevent  blurring  of  the  image.  Fixed  potential  barriers  between 
columns  separate  charge  from  adjacent  columns.  Extremely  efficient  transfer 
of  charge  from  detector  element  to  detector  element  is  critical  since  even 
small  losses  (on  the  order  of  0.0001%  loss  per  transfer)  accumulate  and  become 
significant  after  the  thousands  of  transfers  required  to  read  large  CCDs. 
Modern  CCDs  are  capable  of  thousands  of  charge  transfers  with  almost  immeasur¬ 
able  charge  transfer  losses  (8,9). 

A  CID  detector  element  consists  of  the  intersection  of  two  crossed  elec¬ 
trodes.  The  electrodes  are  termed  the  collection  electrode  and  the  sense 
electrode.  An  array  of  collection  and  sense  electrodes  form  a  network  that 

P 

allows  addressing  individual  detector  elements.  Charge  is  kept  in  the 
detector  element  by  potential  barriers  which  prevent  the  photogenerated  cnarge 
from  migrating  along  the  electrodes.  Any  individual  CID  detector  element  can 
be  read  by  transferring  the  charge  from  under  the  collection  electrode  to  the 
sense  electrode  and  measuring  the  voltage  change  this  induces  on  the  sense 
electrode.  Since  this  readout  process  does  not  alter  the  charge  contained 
within  the  element,  the  process  has  been  termed  the  non-destructive  readout 
mode  (1,10).  Charge  is  cleared  from  a  detector  element  by  applying  the  sub¬ 
strate  voltage  to  both  electrodes,  which  injects  the  charge  into  the  bulk 
silicon. 

CIDs  are  fabricated  to  allow  random  access  of  any  given  detector  element 
using  high  speed  shift  registers  for  addressing.  These  registers  connect  the 
collection  and  sense  electrodes  to  the  drive  signal  and  output  amplifier 


respectively,  as  shown  in  Figure  3.  The  integrated  signal  at  the  intersection 
of  the  selected  collection  and  sense  electrodes  is  either  read  using  the 
nondestructive  readout  process  or  cleared  using  charge  injection. 

Format 

The  detector  should  not  limit  a  spectroscopic  system,  rather  the  ideal 
detector  should  be  available  in  the  correct  physical  format  and  size.  Al¬ 
though  not  optimally  configured  for  many  current  spectroscopic  systems,  CTDs 
are  available  with  a  wide  variety  of  photoactive  areas  and  number  of  detector 
elements.  Figure  4  shows  a  collection  of  CTDs  demonstrating  their  wide  range 
of  photoactive  areas  and  formats.  Table  1  describes  the  characteristics  of  a 
variety  of  CTDs .  The  large  number  of  detector  elements  available  with  some  of 
the  CTDs  allows  extremely  high  resolution  spectra  to  be  obtained  simul¬ 
taneously.  For  example,  an  echelle  spectrometer  used  in  conjunction  with  a 
rectangular  CTD  containing  several  hundred  thousand  detector  elements  is  able 
to  cover  the  ultraviolet,  visible  and  near  infrared  spectral  regions  with 
greater  than  0.01  ran  resolution  (11).  Because  of  the  large  variety  of  avail¬ 
able  detectors,  a  CTD  often  can  be  selected  for  a  specific  application  match¬ 
ing  the  number  of  detector  elements  and  device  performance  to  experimental 
requirements.  The  relative  small  size  of  the  individual  detector  elements  in 
most  CTDs  is  a  significant  problem  which  requires  ingenuity  in  optical  design 
(2) .  The  second  article  in  this  series  describes  a  variety  of  spectroscopic 
systems  which  effectively  utilize  these  detectors. 
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Detector  Noise 


A  properly  designed  photon  counting  PMT  is  able  to  detect  individual 
photoelectrons ;  i.e.,  essentially  no  noise  is  associated  with  the  actual 
readout  of  this  detector.  For  integrating  detectors,  the  situation  is  very 
different;  integrating  detectors  such  as  CTDs  and  PDAs  have  a  significant  read 
noise--  the  noise  introduced  by  the  detector  and  associated  electronics  in 
reading  out  a  single  charge  packet.  The  magnitude  of  the  read  noise  varies 
from  over  1200  electrons  for  scientific  PDAs  to  under  5  electrons  for  some  low 
noise  CCDs.  In  CCDs,  the  sequential  transfer  of  charge  from  the  photosensi¬ 
tive  area  to  a  low  noise  amplifier  eliminates  the  multiplexing  circuitry 
necessary  in  CIDs  and  PDAs  greatly  reducing  the  capacitance  on  the  amplifier 
input;  therefore,  the  read  noise  is  extremely  low  in  these  devices. 

As  previously  mentioned,  the  CXD  detector  can  measure  the  charge  informa¬ 
tion  nondestructively .  Nondestructively  reading  the  CID  multiple  times  and 
averaging  the  results  decreases  the  effective  read  noise  of  the  CID.  This 
technique  does  not  introduce  any  system  or  photon  noise  and  hence  increases 
the  signal-to-noise  ratio  (SNR)  of  a  determination.  To  the  extent  the  read 
noise  is  white  noise,  the  effective  read  noise  is  decreased  as  the  square  root 
of  the  number  of  averaged  reads.  In  practice,  the  CID  read  noise  is  reduced 
by  over  an  order  of  magnitude  by  the  process  of  averaging  numerous  nondestruc¬ 
tive  reads  (10,  11).  The  noise  observed  in  current  scientific  CID  systems 
approaches  1000  electrons  but  is  reducible  to  under  70  electrons  using  this 
method . 

CCD  detectors  also  have  an  imaginative  readout  mode  called  binning. 
Binning  Is  the  process  of  summing  the  charge  contained  in  multiple  elements  on 
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the  detector  before  sensing  the  total  charge  (12).  The  charge  in  the  binned 
group  of  detector  elements  is  measured  with  a  single  read,  and  hence  has  the 
noise  associated  with  only  one  read.  Binning  can  be  contrasted  to  summation 
in  computer  memory,  where  the  noise  associated  with  reading  each  element 
contributes  to  the  overall  noise.  The  advantage  of  summing  the  analog  signal 
on-chip  using  binning  as  opposed  to  digital  summing  in  memory  is  illustrated 
in  Figure  5,  which  shows  the  output  of  a  CCD  located  at  the  focal  plane  of  a 
molecular  fluorescence  instrument  (13) .  In  this  system,  the  vertical  image  of 
the  slit  corresponds  to  64  rows  of  the  CCD,  while  the  wavelength  is  displayed 
in  the  horizontal  dimension.  Binning  in  the  slit  direction  increases  the  SNR 
of  the  spectrum  compared  to  summing  in  computer  memory.  Binning  in  the  wave¬ 
length  direction  also  increases  the  SNR  of  the  spectra,  albeit  at  a  loss  of 
resolution  (4).  For  low  light  level  spectroscopy,  when  the  dominant  source  of 
noise  is  detector  read  noise,  computer  memory  summation  is  noisier  by  a  factor 
equal  to  the  square  root  of  the  number  of  summed  elements  as  compared  to  on- 
detector  binning.  Figure  5  shows  anthracene  spectra  measured  by:  (a)  reading 
a  single  row  of  the  spectrum;  (b)  reading  out  all  64  rows  and  summing  in 
computer  memory;  and  (c)  reading  the  charge  information  by  binning  the  64  rows 
together  and  reading  out  this  single  binned  row.  As  can  be  seen,  the  binned 
mode  results  in  a  much  higher  SNR  spectrum. 

For  low  light  level  spectroscopy,  the  dark  current,  or  thermal  generation 
of  signal,  is  an  important  detector  parameter  directly  affecting  the  maximum 
observation  time  For  silicon  array  detectors,  the  majority  of  the  thermally 
generated  charge  appears  at  defects  in  the  bulk  silicon  and  at  the  surface 
silicon-silicon  oxide  interface;  subsequently,  dark  current  is  dependent  on 


che  manufacturing  process  and  geometry.  CTDs  used  in  low  light  level  applica¬ 
tions  are  cooled  between  -30  and  -150  °C,  so  that  the  dark  current  is  ex¬ 


tremely  low.  However,  CCDs  cannot  be  cooled  to  arbitrarily  low  temperatures 
to  further  reduce  the  dark  current.  The  ability  to  transfer  the  photo¬ 
generated  charge  decreases  as  the  temperature  is  reduced  giving  an  absolute 
temperature  limit  of  operation  for  most  CCDs  of  approximately  -150  °C.  In  a 
CID,  the  charge  is  transferred  between  electrodes  in  a  single  detector  el¬ 
ement.  Thus,  they  can  be  operated  at  lower  temperatures  since  the  small 
amount  of  char6e  left  behind  in  one  transfer  is  subsequently  collected  in  the 
next  transfer.  Therefore,  charge  losses  are  not  accumulative  as  in  CCDs.  The 
dark  current  for  properly  cooled  CCDs  is  in  the  range  of  0.03  to  <0.001  e-/s 
and  for  CIDs  the  dark  current  is  <0.008  e-/s.  Dark  currents  of  these  levels 
are  insignificant  for  most  analytical  spectroscopic  applications.  Exposures 
of  minutes  are  required  before  the  dark  current  is  even  measurable,  and  theo¬ 
retically,  exposures  of  years  are  required  before  the  devices  saturate. 

Spectral  Responsivity 

In  many  situations,  the  most  important  characteristic  of  an  optical 
radiation  detector  influencing  the  SNR  of  a  measurement  is  the  detector  quan¬ 
tum  efficiency.  The  intrinsic  quantum  efficiency  of  all  silicon  detectors 
(PDAs,  CTDs,  etc.)  is  high  compared  to  the  quantum  efficiency  of  available 
photoemiss ive  materials  in  the  visible  to  near- infrared  wavelength  region. 
The  measured  quantum  efficiency  of  silicon  detectors  varies  depending  on  the 
structure  of  the  detector  (see  Table  1).  Figure  6  shows  the  quantum 
efficiency  of  representative  detectors  in  the  200-1000  nm  wavelength  region. 


In  addition  to  having  a  high  quantum  efficiency  in  the  ultraviolet  to  the 
near- infrared  regions,  some  CTDs  are  able  to  directly  measure  photons  in  the 
vacuum  ultraviolet  and  the  soft  x-ray  regions  (9,  14-15).  The  quantum  ef¬ 
ficiency  for  these  high  energy  photons  depends  highly  on  the  structure  of  the 
detector  and  the  thickness  of  the  overlaying  oxide.  Quantum  efficiencies 
exceeding  50%  have  been  reported.  In  addition  to  x-ray  imaging  applications, 
these  CTDs  can  also  be  used  as  a  direct  energy  dispersive  imaging  detector 
because  the  measured  signal  is  proportional  to  the  energy  of  the  x-ray  photon. 
On  average,  one  hole-electron  pair  is  created  for  every  3.65  eV  of  photon 
energy.  For  example,  Mn  Ka  (5.9  KeV)  photons  produce  1620  e- .  The  energy 
resolution  of  the  detector  depends  on  the  system  read-noise,  as  well  as  the 
ability  of  the  detector  to  contain  all  the  charge  information  accurately  (i.e. 
the  charge  created  by  a  single  x-ray  event  should  not  be  split  among  neighbor- 
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ing  detector  elements).  For  low  noise  CCDs,  the  energy  resolution  obtainable 
is  150  eV  for  photon  energies  >1000  eV.  Figure  7  shows  an  x-ray  spectrum 
obtained  using  a  S5Fe  source. 


$ 


i 

■V*’ 


Cft 

d 


The  bandgap  of  silicon  limits  the  response  to  photons  with  wavelengths 
shorter  than  «1200  run.  Considerable  effort  has  been  devoted  to  extending  the 
longer  wavelength  range  of  CTD  detectors  by  making  them  out  of  a  variety  of 
materials  including  germanium,  indium  antimonide  and  platinum  silicide  (7,16). 
The  performance  of  these  non-silicon  CTDs  is  expected  to  improve  rapidly. 
Near-  and  mid- infrared  spectroscopy  should  greatly  benefit  with  the  advent  of 
high  quality,  low  noise  multichannel  detectors  which  respond  in  these  regions. 


Spectroscopic  Characteristics 


Low  light  level  spectroscopies  such  as  Raman  and  luminescence  place 
stringent  demands  upon  a  detector  system.  High  responsivity ,  minimal  read 
noise,  and  negligible  dark  current  are  all  necessary  for  low  flux  conditions. 
Figure  8  shows  the  calculated  SNR  for  the  Texas  Instruments  800  by  800  CCD  and 
the  GE  244  by  388  CID  listed  in  Table  1,  as  well  as  a  representative  photomul¬ 
tiplier  tube  and  photodiode  array  under  low  flux  conditions.  In  addition,  the 
SNR  for  the  perfect  photon  detector  is  shown,  with  an  assumed  100%  QE,  zero 
read  noise  and  no  dark  current.  The  only  noise  source  in  this  curve  is  the 
photon  shot  noise.  The  comparison  shown  is  for  a  10  photons/s  illumination 
level  at  a  wavelength  of  600  nm  with  observation  times  ranging  from  zero 
through  one  hundred  seconds.  For  the  real  detectors,  these  calculations  in¬ 
clude  the  effects  of  photon  shot  noise,  photon  flux,  detector  quantum  ef¬ 
ficiency,  read  noise,  and  dark  current  shot  noise  (1).  The  comparisons  are 
made  on  a  detector  element  by  detector  element  basis  and  do  not  include  any 
multichannel  advantages.  The  photon  counting  photomultiplier  tube  used  in 
this  comparison  has  a  dark  count  rate  of  5  counts/s,  and  the  photodiode  array 
has  a  dark  count  rate  of  3*104  e-/s  at  -20  °C  and  a  read  noise  of  1200  e-. 
While  almost  all  commercial  PDA  systems  allow  cooling  to  -20  °C,  the  dark 
current  of  the  PDA  can  be  reduced  significantly  by  further  cooling.  As  shown 
in  Figure  8,  the  CCD  has  the  highest  SNR  of  any  of  the  listed  detectors,  and 
is  only  11%  lower  than  the  perfect  photon  detector  after  100  seconds.  The 
sensitivity  of  CCDs  has  long  been  exploited  by  astronomers  (17-19),  and  is 
beginning  to  be  recognized  by  researchers  in  other  fields  (13,  20-22). 


*  * 


The  ability  of  a  detector  to  measure  photon  fluxes  varying  over  a  wide 
range  is  important  in  spectroscopic  applications.  The  range  of  photon  fluxes 
that  the  detector  is  able  to  quantify  depends  on  a  number  of  parameters,  both 
detector  related  (such  as  maximum  readout  rate,  maximum  integration  time,  read 
noise  and  dark  current)  and  system  dependent  (such  as  the  number  and  relative 
intensities  of  the  spectral  features,  maximum  observation  time,  source  drift). 
These  detectors  have  a  simple  dynamic  range  defined  as  the  ratio  of  the  maxi¬ 
mum  amount  of  charge  that  can  be  contained  in  a  detector  element  to  the  mini¬ 
mum  amount  of  charge  that  can  be  measured.  The  simple  dynamic  range  of  some 
modern  CCDs  approaches  one  million,  large  enough  for  many  spectroscopic  appli¬ 
cations  . 

In  some  areas  of  spectroscopy,  the  ability  to  measure  faint  spectral 
lines  in  the  presence  of  bright  spectral  features  is  important.  The  intense 
features  should  not  influence  the  quantitation  of  the  weak  features.  Some 
CTDs  can  suffer  from  problems  when  the  charge  storage  ability  of  a  detector 
element  is  exceeded.  After  the  charge  capacity  of  an  individual  CTD  detector 
is  reached,  additional  charge  can  spill  into  nearby  detector  elements  in  a 
process  called  blooming.  Charge  which  blooms  from  a  detector  element  exposed 
to  a  high  photon  flux  can  mask  the  signal  of  nearby  elements.  There  are 
several  methods  used  to  alleviate  blooming  in  CTDs.  In  CIDs ,  the  excess 
charge  is  transferred  into  the  substrate.  In  addition,  some  CCDs  are  fabri¬ 
cated  with  anti -blooming  structures. 

CIDs  allow  a  means  of  extending  their  effective  dynamic  range  using  a 
process  called  random  access  integration  in  which  the  actual  integration  times 
are  varied  during  a  given  experiment  from  detector  element  to  element  based  on 
the  amount  of  light  reaching  each  element.  In  practice,  this  is  achieved  by 


scanning  through  the  device,  reading  each  detector  element  nondestructively , 
and  determining  the  signal  level  at  each  element.  A  decision  determining 
optimum  integration  time  is  based  on  the  observed  photon  flux.  Quantitation 
is  achieved  by  storing  the  observed  signal  and  integration  time.  Using  this 
method,  strong  lines  are  integrated  for  short  periods,  while  weak  features  are 
allowed  to  integrate  until  sufficient  SNR  is  obtained.  In  atomic  emission 
spectroscopy,  dynamic  ranges  exceeding  seven  orders  of  magnitude  have  been 
quantified  using  the  random  access  integration  time  technique  with  CID  detec¬ 
tion  (11)  , 


Conclusions 

CIDs  and  CCDs  have  great  potential  to  solve  challenging  spectroscopic 
problems.  CTDs  offer  negligible  dark  currents,  peak  quantum  efficiencies  over 
80%,  low  read  noises  and  wide  dynamic  ranges.  In  addition,  the  ability  of 
CCDs  to  bin  photogenerated  charge  from  multiple  elements  and  the  nondestruc¬ 
tive  readout  mode  of  CIDs  contribute  to  the  flexibility  these  detectors  offer 
to  the  spectroscopist .  The  availability  of  these  detectors  from  several 
manufacturers  in  a  large  variety  of  formats  and  sizes  which  respond  over  a 
wide  wavelength  range  gives  considerable  choice  in  a  detector.  While  the 
application  of  this  technology  to  analytical  spectroscopy  has  been  slow,  CTDs 
are  currently  being  used  with  impressive  results.  The  second  article  in  this 
series  describes  the  use  of  CTD  detectors  to  overcome  a  variety  of  difficult 
analytical  problems.  Future  applications  of  CTDs  will  continue  to  broaden  the 
utility  and  increase  the  performance  of  many  areas  of  spectroscopy. 


3Wi 


Acknowledgements 


The  authors  thank  James  R.  Janesick  of  Jet  Propulsion  Laboratory  for  use 
of  the  s5Fe  x-ray  spectrum,  Richard  Aikens  of  Photometries  Ltd.,  Tucson,  AZ, 
and  Phillip  Miller  of  Lawrence  Livermore  National  Laboratory. 


Credits 

This  article  is  based  upon  work  partially  funded  by  the  Office  of  Naval 
Research,  and  Smith  Kline  Beckman. 


References : 

1)  Bilhorn,  R.B.;  Sweedler,  J.V.;  Epperson,  P.M.;  Denton,  M.B. 

Spectroscopy .  1987,  41(7) .  1114. 

2)  Bilhorn  R.B.,  Epperson  P.M. ,  Sweedler  J.V.  and  Denton  M.B., 

Spectroscopy  ,1987,  41(7) .  1125. 


3)  Sims,  G.R. ;  Denton,  M.B.  In  Multichannel  Image  Detectors ,  Talmi,  Y. , 

Ed.;  ACS  Symposium  Series  No.  236,  1983;  Vol.2,  Chap.  5. 

4)  Denton,  M.B. ;  Lewis,  H.A. ;  Sims,  G.R.  In  Multichannel  Image  Detectors . 

Talmi,  Y. ,  Ed.;  ACS  Symposium  Series  No.  236,  1983;  Vol  2.,  Chap.  6. 

5)  See  the  Journal  of  Optical  Engineering  26,  Nos.  8,9,10  (1987). 

6)  Janesick,  J.R.;  Elliott,  T.;  Collins,  S.;  Marsh,  H. ;  Blouke ,  M. ; 

Freeman,  J.  In  State -of -the -Art  Imaging  Arrays  and  their  Applica¬ 
tions  .  Prettjohns,  K. ,  Ed.;  Proc.  SPIE,  1984,  501 .  2. 

7)  Dereniak,  E.L.;  Crowe,  D.G.  Optical  Radiation  Detectors :  John  Wiley, 

New  York,  1984. 

8)  Epperson,  P.M. ;  Sweedler,  J.V.;  Denton,  M.B.;  Sims,  G.R.;  McCurnin, 

T.W.;  Aikens ,  R.S.  J.  Opt.  Eng.  .  1987,  J26,  715. 

r 

9)  Janesick,  J.R.;  Elliott,  T. ;  Collins,  S.;  Blouke,  M.M. ;  Freeman,  J. 

J .  Opt ,  Eng. .  1987,  26,  692. 

10)  Sims,  G.R;  Denton,  M.B.  Jj.  Opt.  Eng . .  1987,  26,  1008. 

11)  Bilhorn,  R.B.  Ph.D.  Dissertation,  University  of  Arizona,  August  1987. 

12)  Epperson,  P.M. ;  Denton,  M.B.  Analytical  Chemistry.  1987,  submitted 

11/87. 

13)  Epperson,  P.M.;  Jalkian,  R.D.;  Denton,  M.B.  in  preparation. 

14)  Stern,  R.A. ;  Liewer,  K. ;  Janesick,  J.R.  Rev.  Sci .  Instrum. .  1983,  54, 

198. 

15)  Janesick,  J.R.;  Campbell,  D.;  Elliott,  T. ;  Daud,  T. ;  Ottley,  P.  In  UV 

Technology .  Huffman,  R. ,  Ed.,  Proc.  SPIE,  1986,  687 .  36. 


16)  See  the  Journal  of  Optical  Engineering  26,  No  3  (1987). 

17)  Oke ,  J.B.  In  Solid  State  Imagers  for  Astronomy .  Geary,  J.C.  and 

Latham,  D.W.,  Eds.;  Proc.  SPIE,  1981,  290,  45. 

18)  Goad,  L.E.  In  Instrumentation  in  Astronomy  TV,  Crawford,  D.L. ,  Ed. ; 

Proc.  SPIE,  1981,  331,  130. 


19)  York,  D.G.;  Jenkins,  E.B.;  Zucchino,  P.;Lowrance,  J.L.;  Long,  D.; 

Songaila,  A.  In  Solid  S trace  Imagers  for  Astronomy.  Geary,  J.C.  and 
Latham,  D.W.,  Eds.;  Proc .  SPIE,  1981,  290,  202. 

20)  Murray,  C.A.;  Dierker,  S.B.  Opt .  Soc ,  Am .  A,  1986,  2,  2151. 

21)  Strauss,  M.G.;  Naday,  I.;  Sherman,  I.S.;  Zaluzec,  N.J.  Ultra- 

microscopv .  1987,  22,  117. 

22)  Hiraoka,  Y. ;  Sedat,  J.W.;  Agard,  D.A.,  Science  1987,  238 .  36. 


>  > '/  ^ 


Figure  Captions 


Figure  1: 

Cross  section  of  a  hypothetical  CTD  detector  element  when  the  electrodes 
are  biased  for  charge  integration.  The  absorption  of  a  photon  causes 
hole/electron  formation,  and  the  positively  charged  hole  is  collected 
under  the  negatively  charged  electrode. 

Figure  2: 

Layout  of  a  typical  three-phase  CCD.  Photogenerated  charge  is  shifted 
from  the  imaging  area  in  parallel  to  the  serial  register  (down  in  fi¬ 
gure)  .  The  charge  in  the  serial  register  is  then  shifted  left  to  the  on- 
chip  amplifier  and  measured. 

Figure  3: 

Hypothetical  CID  array  detector  showing  the  sense  and  collection  address¬ 
ing  shift  registers.  The  registers  open  and  close  a  series  of  switches 
to  connect  the  collection  and  sense  capacitor  electrodes  to  the  charge 
drive  signal  and  output  amplifier.  The  detector  element  at  the  intersec¬ 
tion  of  the  selected  sense  and  collection  capacitors  is  shaded. 


Figure  4: 

Photograph  showing  many  of  the  charge  transfer  device  detectors  available 
over  the  last  few  years.  The  number  of  detector  elements  range  from  one 
to  over  four  million,  and  the  photoactive  areas  range  from  under  0.2  mm2 
to  over  3000  mm2.  Photograph  courtesy  of  Photometries  Ltd.,  Tucson  AZ. 


r igure  j : 

Fluorescence  spectra  of  anthracene  obtained  with  a  CCD  detector.  The 
slit  image  illuminates  64  rows  of  the  CCD.  (A)  -  (C)  show  the  results  of 
three  methods  of  reading  out  the  CCD  with  each  spectra  scaled  for  compar¬ 
ison.  (A)  The  anthracene  spectrum  obtained  from  reading  only  one  of  the 
64  illuminated  rows  of  the  CCD.  (B)  The  result  of  reading  out  and  sum¬ 
ming  in  computer  memory  all  64  rows  of  the  slit  image.  The  resulting 
spectrum  has  approximately  8  times  the  SNR  of  the  spectrum  in  (A).  (C) 
The  output  of  the  CCD  when  the  photogenerated  charge  from  all  64  rows  is 
binned  into  a  single  row,  and  the  single  binned  row  is  read.  The  spec¬ 
trum  in  (C) ,  while  having  the  same  absolute  signal  as  in  (B) ,  has  ap¬ 
proximately  64  times  the  SNR  of  the  spectrum  in  (A) . 


Figure  6: 

Quantum  efficiency  of  several  representative  detectors;  a  Texas 
Instruments  800  by  800  CCD  (9),  a  General  Electric  244  by  388  CID,  a 
Reticon  RL1024S  PDA,  and  a  Hammamatsu  GaAs  opaque  photocathode  available 
in  PMTs. 

Figure  7 ; 

X-ray  spectrum  of  a  55Fe  x-ray  source  using  a  CCD  as  an  energy  dispersive 
detector  showing  the  Mn  Ka  and  Mn  K0  lines,  as  well  as  both  escape  peaks 
and  the  silicon  absorption  peak.  The  Ag  La  peak  is  from  Ag  impurity  in 
the  source.  The  peak  energy  is  obtained  by  multiplying  the  signal  by  a 
factor  combining  the  CCD  gain  of  0.8  e-/DN  and  the  3.65  eV  of  photon 
energy  per  electron  produced  (2.92  eV/DN) .  Spectrum  courtesy  of  J .  R. 
Janesick,  Jet  Propulsion  Laboratory  (9). 
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Calculated  performance  curves  for  the  same  detectors  as  in  Figure  5 
showing  the  SNR  obtained  with  a  photon  flux  of  10  photons/s  for  observa¬ 
tion  times  ranging  from  0  to  100  s  at  a  wavelength  of  600  run.  The  top 
curve  is  for  the  perfect  photon  detector  with  100%  quantum  efficiency  and 
no  noise  sources  except  photon  shot  noise  (the  uncertainty  caused  by  the 
random  arrival  of  photons  to  the  detector) .  The  model  used  in  these 
calculations  includes  the  effects  of  photon  shot  noise,  detector  read 
noise,  detector  quantum  efficiency,  and  detector  dark  current.  See  text 
for  other  detector  characteristics. 
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